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Volcanic aerosols from the 1991 Mount Pinatubo eruption greatly increased diffuse radiation worldwide for the following 2 years. We estimated that this increase in diffuse radiation alone enhanced noontime photosynthesis of a deciduous forest by 23% in 1992 and 8% in 1993 under cloudless conditions. This finding indicates that the aerosol-induced increase in diffuse radiation by the volcano enhanced the terrestrial carbon sink and contributed to the temporary decline in the growth rate of atmospheric carbon dioxide after the eruption.
The growth rate of atmospheric CO 2 concentration experienced a sharp decline in the early 1990s, an observation that was unprecedented since CO 2 monitoring began in the late 1950s (1, 2) . This perturbation is of great interest to the global carbon cycle community because it coincided with the eruption of Mount Pinatubo (15.1°N, 121.4°E) on 15 June 1991. Studies using inversions of atmospheric CO 2 , O 2 /N 2 ratios, and ␦ 13 CO 2 measurements have indicated that an enhanced terrestrial carbon sink explains this decline (3) (4) (5) (6) . However, there is debate about the mechanism, because an increase in global photosynthesis or a reduction in global respiration can both explain a greater carbon sink.
The simultaneous occurrence of the eruption and the decline in the growth rate of atmospheric CO 2 is not exceptional. The eruption of Mount Agung (8.34°S, 115.5°E) in February 1963 was also followed by a decrease in the growth rate of atmospheric CO 2 (2) . The same pattern was identified for the eruption of El Chichón in March 1982 (17.33°N, 93.2°W), when compounding effects of the powerful 1982-83 El Nino event on the atmospheric CO 2 were removed (7). Thus, it appears that large volcanic eruptions cause substantial perturbations to the global carbon cycle, particularly its terrestrial component. Understanding how volcanoes affect the global carbon cycle can lead to valuable insights into the dynamics of atmospheric CO 2 concentration and its relation to climate and the responses of ecosystems to chronic aerosol loading.
The Mount Pinatubo eruption was the largest during the last 100 years (8) , injecting about 14 to 20 Tg (1 Tg ϭ 10 12 g) of SO 2 into the stratosphere (9) (10) (11) (12) . The sulfate aerosol layer, which formed in the aftermath of the eruption, longitudinally circled the globe in about 3 weeks (9) and stretched to the Polar Regions in late 1991 and early 1992 (10). This aerosol envelope led to a decrease in global (diffuse plus direct) solar radiation (11, (13) (14) (15) (16) , an increase in diffuse solar radiation (8, (17) (18) (19) (20) , warming in winter, cooling in summer (8, 21, 22) , drying of the atmosphere (23) , and modification of global cloudiness (24) .
Although the eruption caused multiple global environmental changes, most previous evaluations have focused only on the global cooling (25, 26) to explain the apparent enhancement of the terrestrial carbon sink after the eruption (2, 27, 28) . It is possible that the cooling reduced terrestrial respiration, but several considerations led us to question whether this factor alone could account for the noted drop in the atmospheric CO 2 growth rate. First, long-term records of CO 2 and temperature generally show that there is a time lag between fluctuations in CO 2 and those in temperature (2) . However, the response of atmospheric CO 2 after the eruption appears to be rapid. Second, the magnitude of the global surface cooling [up to 0.5°C in mid-1992 (26)] is within the range of annual temperature swings since the 1950s (29) . Previous cooling of this magnitude did not cause a drop in the atmospheric CO 2 growth rate as large as the one observed after the eruption. Third, modeling of the effects of the eruption on atmospheric CO 2 using a coupled general circulation climate-carbon cycle model showed that the cooling stops short of fully accounting for the observed atmospheric CO 2 anomaly (7). Therefore, it is likely that multiple mechanisms are responsible for the atmospheric CO 2 behavior in the aftermath of the eruption.
Drawing on principles developed by agricultural and forest meteorologists, two groups of scientists have recently proposed that the increase in diffuse radiation caused by the injected stratospheric sulfate aerosols could have enhanced terrestrial photosynthesis (30, 31) . The rationale for this proposition stems in part from work by crop scientists who have shown that plant canopies use diffuse radiation more efficiently than they use direct beam radiation in photosynthesis (32) . This hypothesis is also bolstered by recent observations from a variety of plant canopies that diffuse radiation leads to radiation use efficiencies (RUE) (33) two or more times higher than direct beam radiation (34) . In practice, greater canopy photosynthesis can be produced under a moderately turbid sky, even though global solar radiation is reduced compared with clear sky conditions, because of the shift in RUE [supporting online material (SOM) text; figs. S1 and S2].
Here, we used two independent and direct methods to examine the photosynthetic response of a northern hardwood forest (Harvard Forest, 42.5°N, 72.2°W) to changes in diffuse radiation caused by Mount Pinatubo's volcanic aerosols. The first method couples eddy covariance flux tower measurements and an empirical model to detect and quantify the eruption signal. The second method, which resorts to long-term averages from statistical analyses, uses flux measurements only and provides an independent check on the first method. The Harvard Forest flux tower site was established around the time of the eruption (35) , and its data provide a rare opportunity to test the hypothesis that the Mount Pinatubo eruption produced aerosols that increased diffuse radiation and enhanced terrestrial ecosystem productivity.
Mount Pinatubo effects estimated with flux measurements and an empirical model. In our first method, we evaluated how canopy photosynthesis of Harvard Forest responds to two sky conditions: (i) the perturbed cloudless solar radiation regime with volcanic aerosols present, and (ii) the normal cloudless solar radiation regime after the aerosols had been deposited from the atmosphere and the normal atmospheric radiative transfer condition had resumed. We based our analyses on cloudless conditions to avoid confounding effects of clouds, which also diffuse solar beam radiation. Cloudless radiation regimes for the perturbed and normal states were established (36) from longterm hourly observations of diffuse and direct beam solar radiation at a nearby location (Albany, New York, 42.7°N, 73.83°W, about 120 km west of Harvard Forest). At Albany, measuring of diffuse and direct beam radiation was initiated about 3 months after the eruption. Such measurements were not available at Harvard Forest for the period under this investigation.
Cloudless radiation data from the summer periods were used to develop regressions against the solar elevation angle (Fig. 1) . Direct beam radiation in 1992 and 1993 was reduced relative to 1995, 1996, and 1997, with lower values in 1992 (Fig. 1A) . The reduction in direct beam radiation was accompanied by an increase in diffuse radiation, particularly in 1992 (Fig. 1B) . In 1992, diffuse radiation was almost twice as high as in 1995, 1996, and 1997 for the same solar elevation angle. The perturbation of the radiation regime waned considerably by 1994. These results are consistent with findings from previous studies (8, (17) (18) (19) (20) . We considered the perturbed cloudless solar radiation regime to span 1992, 1993, and 1994. Data from 1997 were used to represent the normal cloudless solar radiation regime; using measurements from 1995 or 1996 did not produce much difference in our analyses.
A multivariable nonlinear regression model called the generalized rectangular hyperbola (34, 36) was used to evaluate the impact of radiation perturbation on Harvard Forest photosynthesis. This model uses parameters that explicitly and separately characterize canopy photosynthetic responses to incident diffuse and direct beam radiation. These parameters include the initial RUE and a coefficient that quantifies how close the rectangular hyperbola is to linearity (CLR) (33, 34, 36) . Their values are affected by the canopy's structural and physiological properties (such as leaf area index, C 3 or C 4 photosynthetic pathway species composition, and leaf photosynthetic capacity), as well as environmental variables such as temperature and vapor pressure deficit (VPD). Diffuse radiation and direct beam radiation each have a separate set of parameters associated with them. The generalized rectangular hyperbola model has been tested rigorously for different vegetation ecosystems (34) and for Harvard Forest data (37). With the relations between the diffuse and direct beam radiation and the solar elevation angle that we obtained ( Fig. 1) as inputs, we inferred the model parameters by fitting the model to the midgrowing season cloudless net ecosystem exchange (NEE) measurements in each year (Table 1) . During this parameter inference process, the actual canopy gross photosynthetic rates under the perturbation by the volcanic aerosols were also determined.
We then used the inferred canopy parameters to compute canopy gross photosynthetic rates in 1992, 1993, and 1994, assuming that the canopy was under the normal radiation regime. The computed canopy gross photosynthetic rates were compared with the actual rates (under the perturbed radiation regime). Although the inferred canopy parameters changed from year to year (Table 1) , any difference in the computed canopy gross photosynthetic rates between the two different radiation scenarios was the result of variations in the diffuse and direct radiation only because the same set of canopy parameters was used in the calculation in each year. In 1992, the perturbed radiation regime led to a much larger gross photosynthetic rate than the normal radiation regime (Fig. 2A) . The photosynthetic difference between the two regimes was smaller in 1993 ( Fig. 2B ) and negligible in 1994 (Fig. 2C) . The decreasing photosynthetic differences between the two regimes from 1992 to 1994 are expected as the atmosphere gradually returned to the normal condition. Around noontime (solar elevation angle ϭ 70°) in the midgrowing season (day 200), the gross photosynthetic rate under the perturbed cloudless solar radiation regime was 23, 8, and 4% higher than that under the normal cloudless solar radiation regime in 1992, 1993, and 1994, respectively. Integrated over a day, the enhancement for canopy gross photosynthesis by the volcanic aerosols was 21% in 1992, 6% in 1993, and 3% in 1994.
To examine whether the forest was unusually sensitive to diffuse radiation in the first couple of years after the eruption, we also determined the initial RUE and CLR coefficients in 1995, 1996, and 1997 (table S1). We then used all six sets of canopy photosynthetic parameters (from 1992 to 1997) to run for the radiation conditions observed in 1992, 1993, 1994, and 1997, respectively. We Table 1 . Inferred canopy parameters in 1992, 1993, and 1994 from hourly NEE measurements under cloudless conditions. Parameters associated with diffuse radiation are larger than those associated with direct beam radiation, indicating advantages of diffuse radiation over direct beam radiation for canopy photosynthesis (33, 34, 36 The means of the normalized cloudless NEE in 1992 and 1993 were significantly larger than that of the reference sample, with P values less than 0.01 (Table 2) . No significant difference was detected in 1994. The relative difference between the means of the normalized cloudless NEE after the eruption and the reference sample decreased from 1992 to 1994, which is consistent with the results from the first approach. However, there are differences in the magnitudes produced by the two methods. The relative difference between the means of 1992 and the reference sample is about 18%, close to the daytime-integrated 21% enhancement that was estimated with the first method. With respect to the analysis of data in 1993, the two methods produced diverging estimates of photosynthesis enhancement. The relative difference between the means of the normalized cloudless NEE in 1993 and the reference sample is about 15%, whereas a 6% daytimeintegrated enhancement in photosynthesis is obtained by the first approach. The relatively large difference between the two approaches in the estimated effects of the eruption in 1993 can be explained partly by changes in temperature and, therefore, ecosystem respiration. In 1993, the soil surface temperature was consistently lower than the average soil surface temperature from 1995 to 2001 (Fig.  3A) . A cooler soil may have reduced soil respiration and contributed to the increase in net absorption of CO 2 under cloudless conditions in 1993, as compared with the average of 1995 to 2001 (SOM text). Although the global surface temperature reached the minimum in mid-1992 after the eruption (26, 29) , the soil surface in the second half-year of 1992 was actually warmer than the average of 1995 to 2001 at Harvard Forest. The warmer soil could have led to higher soil respiration. The soil surface was cooler than the average only in the springtime of 1992. The air temperature showed similar patterns, although they were less distinct (Fig. 3B) . This effect may have led to late leafout and possibly reduced leaf area index at this site, as suggested by broad-area satellite observations (28, 39) . Evidently, these adversarial factors did not completely offset the effect of increased diffuse radiation on photosynthesis.
The second method is less robust than the first method because the former is based on NEE, the net difference between canopy photosynthesis and ecosystem respiration. Also, many factors could have changed systematically from 1992 to 2001. Examples include forest regrowth and variations in soil moisture, VPD, atmospheric CO 2 , nitrogen deposition, and temperature. These factors could confound the analyses on effects of Mount Pinatubo aerosols and diffuse radiation with the second method. Some of them, such as forest regrowth (Harvard Forest is relatively young) and an increase in atmospheric CO 2 , may lead to an underestimation of diffuse radiation effects by the second method. Other Table 1 and the relations between the diffuse radiation and direct beam radiation and the solar elevation angle (Fig. 1) using the generalized rectangular hyperbola model (34) . factors (such as VPD and temperature) can affect the results in both directions.
Two sensitivity tests were conducted to assess the uncertainties associated with temperature and VPD (SOM text). In the temperature sensitivity test, we hypothetically "warmed" the soil surface by 2°C in 1992 and 1993 and estimated the additional amount of respiration (⌬R e ) that would be produced by this warming. ⌬R e , which depended on the actual soil surface temperature, was then used to shift the measured NEE in 1992 and 1993 to a lower level (indicating less uptake). We analyzed the shifted data using the second method. It was found that even if the soil surface were 2°C warmer, the NEE in 1992 and 1993 would still have been significantly larger than the mean from 1995 to 2001 (table  S2 ). In the VPD sensitivity test, we removed the highest VPD points from the 1995 to 2001 data set so that for each and every 1-hour interval, the mean VPD of the 1995 to 2001 data was no more than the mean VPD of the 1992 data (fig. S7). A reanalysis was then conducted using the second method. We found that the obtained estimates of photosynthesis enhancement in 1992 and 1993, although slightly reduced, were still statistically significant (table S3) . Overall, these sensitivity analyses indicate that the first and second methods agree with each other.
Conclusions. The increase in diffuse radiation caused by volcanic aerosols enhanced Harvard Forest photosynthesis under cloudless conditions for the two years after the Mount Pinatubo eruption. Because of substantial increases in diffuse radiation worldwide after the eruption (8, (17) (18) (19) (20) and strong positive effects of diffuse radiation for a variety of vegetation types (30) (31) (32) 34) , it is likely that our findings at Harvard Forest represent a global phenomenon. Here, we examined cloudless conditions only. Some researchers have suggested that Mount Pinatubo aerosols might have enhanced the terrestrial carbon sink on an annual time scale (30, 31) . A comprehensive assessment of the effects of the eruption on the global carbon cycle will require knowledge of how the volcanic aerosols affected the type, frequency, distribution, and amount of cloud cover over the globe, as sulfate aerosols can increase cloudiness (40) . There is evidence indicating that Mount Pinatubo aerosols increased high cloudiness, particularly in the middle latitudes (24) . Variations in cloudiness can influence the global carbon cycle, because clouds are effective producers of diffuse radiation and can also change many meteorological variables that affect plant activities (41, 42) . The observation that forest ecosystems often absorb more CO 2 under cloudy conditions than under cloudless conditions (41-45) supports this idea.
Around noontime at the Harvard Forest site, diffuse radiation increases with cloud cover and reaches maximum when cloud cover is about 60%. Because of this, Harvard Forest photosynthesis also increases with cloud cover, with a peak at about 50% cloud cover (SOM text; fig.  S8 ). Improved moisture condition and reduced solar heating may further enhance carbon uptake under cloudy conditions (42) . If Mount Pinatubo aerosols increased global cloudiness moderately (without overly reducing global solar radiation), this would be an additional pathway for global terrestrial photosynthesis to be enhanced by the eruption, further contributing to a larger terrestrial carbon sink and the decline in the observed growth rate of atmospheric CO 2 . Our study suggests that long-term trends and interannual variability in cloudiness and aerosol concentrations (46) 
